1. Introduction {#sec1}
===============

Colloidal gelation is an effective tool to engineer material properties. By properly inducing the gelation of colloidal suspensions, one can precisely modulate the macroscopic properties and create complex microstructures.^[@ref1]^ For example, colloidal suspensions that undergo gelation can be used as rheology modifiers^[@ref2]^ or ingredients in pharmaceutical^[@ref3]−[@ref5]^ and food products,^[@ref6],[@ref7]^ and the complex structures can be used as scaffolds in tissue engineering^[@ref8],[@ref9]^ or porous material design.^[@ref10]^ Among a diverse set of colloidal suspensions, nanoemulsions have been an emerging model colloidal system for studying aspects of colloidal gel systems.^[@ref11]^ Nanoemulsions are liquid--liquid suspensions (e.g., oil droplets suspended in water) where the droplet size is on the order of 100 nm. The ease of nanoemulsion synthesis and the great flexibility in their formulation allow one to engineer the inter-droplet potentials and thus to rationally tune material microstructures and associated macroscopic properties.^[@ref12]^ Therefore, gelling nanoemulsions have attracted much attention in both fundamental studies^[@ref13]−[@ref15]^ and practical applications.^[@ref16]−[@ref18]^

Several strategies have been applied to induce the gelation of nanoemulsions. One common approach to trigger gelation is by depletion interaction. By adding nonadsorbing molecules into the continuous phase of the nanoemulsions, the molecules are excluded from the vicinity of the droplets because of increase of entropy.^[@ref19]−[@ref21]^ Such exclusion gives rise to an imbalance in the osmotic pressure, leading to a net attractive interaction between the droplets and ultimately gelation of the system. Different types of nonadsorbing depletant molecules such as polymers^[@ref15],[@ref16]^ and surfactant micelles^[@ref22],[@ref23]^ have been employed to induce self-assembly and gelation of nanoemulsions. Another well-known approach to obtain gelling nanoemulsions is to modulate the effective range of the inter-droplet electrostatic repulsion.^[@ref14],[@ref24],[@ref25]^ By adding electrolytes to the charged-stabilized nanoemulsions (e.g., stabilized by ionic surfactants), the ions from the dissociating electrolytes screen the electrostatic repulsion by decreasing the Debye length.^[@ref26],[@ref27]^ If enough electrolytes are added into the nanoemulsions, a secondary minimum can be obtained in the pairwise interactive potentials and the system can self-assemble and eventually gel.^[@ref24],[@ref25]^ Recently, our group has designed another gelling nanoemulsion mechanism in which the gelation is responsive to an increase in temperature.^[@ref28],[@ref29]^ In this approach, telechelic oligomers are added to the continuous phase and their hydrophobic end groups will preferentially partition into the oil domains upon an increase in temperature, resulting in inter-droplet bridging. The polymer bridging acts as an effective attractive force between the droplets and ultimately gives rise to gelation at high enough temperatures.

Although we have done many studies on this canonical bridging system, in the prior work, we only focused on the bridging mechanism^[@ref29]^ and used the resulting nanoemulsion gels to explore different topics related to colloidal gels. For example, we have used this model system to build the gel phase diagram and explored the gelation routes (percolation vs phase separation),^[@ref28],[@ref30]^ applied multiple particle tracking to probe colloid-rich and colloid-lean phases^[@ref31]^ and studied the effect of processing history on gel properties.^[@ref32]^ Other researchers have also used this same canonical system to explore the dynamics during colloidal gelation^[@ref33]^ and gel behaviors in the nonlinear regime.^[@ref34]^ Although in these aforementioned studies the bridging nanoemulsion system is used as a model colloidal gel system, the quantitative details of the droplet interactions were not well understood and depletion interactions in the system were largely ignored. In a recent study,^[@ref15]^ we found that even at room temperature where the bridging is not triggered, the free polymers in the nanoemulsion system provide a substantial depletion interaction (strength ≈ 15 kT). This depletion attraction is delicately compensated by the electrostatic repulsion given by the ionic surfactant on the droplets. This delicate competition was ignored in all previous studies on this canonical system. Therefore, in this work, one of our primary goals is to have a quantitative understanding of these competing interactions at room temperature and to build the interactive potentials from first principles. This is achieved by the addition of salt to suppress the electrostatic repulsions, and it naturally serves as our first gelation route.

Furthermore, in prior colloidal gel studies, gelation is induced by a single gelation route (i.e., pure depletion, electrolyte screening, or droplet bridging). To obtain more diverse material behaviors, a sequential application of different gelation routes to the nanoemulsion could be beneficial. The system we developed is a practical way to design multistimuli responsive materials. Overall, there is an increasing need to transition from traditional chemistry-based methods to physicochemical methods for material design. Systems which respond to multiple stimuli inherently have a more diverse set of achievable material properties. By realizing the depletion interaction is significant at room temperature, the change in ionic strength serves as the first stimulus to tune the material properties. We then use the increase in temperature as the second stimulus to the system. The sequential application of these two stimuli allows us to have a well-controlled system. Furthermore, it builds upon the well-studied depletion-induced colloidal gelation literature and demonstrates how these systems can be reconfigured with a mere change in temperature.

The nanoemulsion studied here consists of polydimethylsiloxane (PDMS) nanodroplets suspended in an aqueous continuous phase containing poly(ethylene glycol) diacrylate (PEGDA). PEGDA is the thermally-triggered telechelic polymer bridging agent where the PEG segment is the hydrophilic backbone and the acrylate groups at the ends are the hydrophobic moieties. The PDMS nanodroplets are stabilized by an anionic surfactant, sodium dodecyl sulfate (SDS), which provides a charged surface on the droplets that allows us to screen the electrostatic repulsion by adding electrolytes into the system.

To carry out the study, we first added the electrolyte (sodium chloride, NaCl) to the nanoemulsion system to induce the first-stage gelation by screening the electrostatic repulsion. We showed that the system can undergo a sol--gel transition at room temperature with a small amount of NaCl, similar to prior published studies.^[@ref24],[@ref35],[@ref36]^ We quantitatively investigated the system by calculating the inter-droplet pairwise interactions under the effect of the screened electrostatic repulsion. We discovered that the nonadsorbing PEGDA (as the bridging is not induced at room temperature) gives rise to a significant depletion attraction, and thus a slight increase in the ionic strength can result in gelation of the system. After preconditioning the nanoemulsion with NaCl at room temperature, we then increased the temperature to induce PEGDA droplet bridging. Our results show a nonintuitive trend in the material properties in which a stronger gel is not necessarily obtained with this "two-stage" gelation. We also showed that the screening of electrostatic repulsions at room temperature in the first step has a considerable influence on the subsequent nanoemulsion microstructures and the associated rheological properties at elevated temperatures. We then used the established pairwise interactive potential and the dynamics of the thermal gelation to explain the trends in material behavior under the sequential application of stimuli. Our results suggest that sequential droplet self-assembly can be an effective tool to engineer properties of colloid-based materials, and an understanding of the molecular behavior of the constituents is critical for designing self-assembling systems. The designed pathway could also aid in practical applications such as personal care products. For example, nanoemulsion gels can be used as creams or lotions applied to skin.^[@ref16]^ Under such conditions, the nanoemulsion will experience a change in ionic strength and temperature, and it is therefore important to understand the material properties subjected to these multiple stimuli.

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

PDMS (viscosity = 5 cSt), SDS, PEGDA (*M*~n~ ≈ 700 g mol^--1^), sodium chloride (NaCl), lipophilic dye PKH26 (excitation and emission wavelengths λ~ex~/λ~em~ = 551/567 nm), and photoinitiator 2-hydroxy-2-methylpropiophenone (Darocur 1173) were purchased from Sigma-Aldrich. All chemicals were used without further purification.

2.2. Nanoemulsion Synthesis {#sec2.2}
---------------------------

The nanoemulsion studied in this work consists of a disperse phase PDMS of a volume fraction ϕ = 0.15 (droplet diameter = 36 nm with polydispersity = 0.18) suspended in a continuous phase composed of PEGDA of a volume fraction = 0.33 and SDS. The total concentration of SDS is 0.175 M. The concentration of NaCl is adjusted by adding NaCl into the nanoemulsion after the synthesis.

The nanoemulsion was synthesized using a high-pressure homogenizer (EmulsiFlex-C3, Avestin).^[@ref18],[@ref28]−[@ref30]^ Before the homogenization, a pre-emulsion was first prepared by adding PDMS into a premixed continuous phase consisting of deionized water, SDS, and PEGDA. The mixture was stirred using magnetic stirring with a speed of 700 rpm. Stirring was maintained for 15 min and no macroscopic phase separation was observed. The pre-emulsion was subsequently processed into nanoemulsions using high-pressure homogenization at a pressure of 18 kpsi for 16 passes. The emulsion was cooled to 4 °C between each pass and the final nanoemulsion (pure nanoemulsion without addition of NaCl) was stored at 4 °C until further use. NaCl with different target concentrations was then added to the pure nanoemulsion and mixed by vortexing immediately before the characterization. The small amount of NaCl added has a negligible effect on the volume fraction of the nanoemulsions.

The size of nanoemulsions was measured using dynamic light scattering (90Plus PALS, Brookhaven Instruments). Before the measurement, the nanoemulsion was diluted from ϕ = 0.15 to ϕ = 0.002 using an aqueous diluting agent composed of PEGDA at a volume fraction = 0.33.

2.3. Rheological Measurements {#sec2.3}
-----------------------------

All rheological measurements were conducted using a stress-controlled rheometer (DHR-3, TA instrument) equipped with a 1° 60 mm aluminum upper-cone and a Peltier lower-plate to control the sample temperature. For each measurement, the nanoemulsion was loaded onto the lower plate at 20 °C. To minimize evaporation, a wetted solvent trap was used and a few drops of deionized water were added on the top of the upper-cone. Before each measurement, a rejuvenation step was performed by applying constant shear at a shear rate of 2500 s^--1^ for 60 s followed by a 10 min period where the sample remained quiescent at *T* = 20.0 °C. By studying the flow curves of the nanoemulsions, we showed that at such a high shear rate the gel structure appears to be broken down, especially for nanoemulsions with added salt for which gelation is induced by screening the electrostatic repulsion ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00199/suppl_file/la0c00199_si_001.pdf)). The gel structure can then be recovered after 10 min by monitoring the viscoelastic moduli ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00199/suppl_file/la0c00199_si_001.pdf)). Our rejuvenation protocol using high shear rates is consistent with prior work by Wilking et al.^[@ref25]^ who studied the rheology--structure relation of nanoemulsion gels.

Frequency sweep measurements were then performed after the rejuvenation step. Small-amplitude oscillatory shear (SAOS) was applied to measure the dynamic viscoelastic modulus at a shear strain = 0.05% with angular frequency ω = 1--200 rad s^--1^. For the measurements at different temperatures, the sample was raised from *T* = 20.0 °C to the target temperature and then remained quiescent for 10 min before applying SAOS. Freshly loaded nanoemulsion was used for each measurement.

2.4. Confocal Microscopy {#sec2.4}
------------------------

Microstructures of the soft materials dictate rheological properties.^[@ref37],[@ref38]^ In this work, direct visualization of the nanoemulsion microstructures under different conditions was performed using a confocal microscope (LSM 700, Zeiss) equipped with a 63X oil-immersion objective (numerical aperture = 1.4). To prepare the sample for imaging, 1 vol % of fluorescent dye and 1 vol % of photoinitiator were mixed with the nanoemulsion sample by vortexing for 60 s. It has been shown in our previous work that the addition of these chemicals has a negligible effect on the microstructures.^[@ref31],[@ref32]^ Subsequently, 150 μL of the mixture was loaded into a glass chamber (Lab-Tek \#155411, Thermo Fisher Scientific) followed by a 10 min period where the sample remained quiescent at *T* = 20.0 °C. For the samples at elevated temperatures, the mixture was placed in the oven at the target *T* for 10 min. The sample was subsequently exposed to UV light (λ = 365 nm) for 50 s in the oven. The crosslinking of the excess PEGDA in the continuous phase then locked the assembled microstructure in place, allowing for confocal imaging at room temperature.^[@ref30]−[@ref32]^

All characterizations (rheology and confocal microscopy) in this work were performed on the same stock nanoemulsion.

3. Results and Discussions {#sec3}
==========================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} summarizes the different routes to induce self-assembly and gelation of the nanoemulsion studied in this work. We start with the thermal gelation of the nanoemulsion via PEGDA bridging. Afterward, we study the effect of electrolyte screening on the material properties by adding NaCl into the nanoemulsion suspension. Finally, we study the material behavior by sequentially inducing the screening of electrostatic repulsion via the addition of NaCl and then the PEGDA bridging via the increase in temperature. The material behavior is characterized by rheometry and confocal microscopy.

![Schematic of the gelation routes studied in this work. (A) Upper route: thermal gelation via PEGDA bridging at elevated temperatures. (B) Lower route: sequentially screening the electrostatic repulsion by adding NaCl and then inducing thermal bridging with PEGDA droplet bridging.](la0c00199_0001){#fig1}

3.1. Thermally gelling Nanoemulsions via PEGDA Droplet Bridging {#sec3.1}
---------------------------------------------------------------

Here, we briefly introduce the thermally-triggered PEGDA droplet bridging and the associated nanoemulsion rheology and microstructures. Readers interested in more detailed studies of this thermally gelling nanoemulsion system are referred to the previous works by our group.^[@ref28]−[@ref32]^ As depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the thermally gelling nanoemulsion is a result of the inter-droplet bridging via PEGDA molecules. At elevated temperatures, the acrylate groups at the termini of PEGDA become increasingly hydrophobic and partition into the oil/water interface, leading to droplet bridging.^[@ref29]^ The linear viscoelastic moduli (storage modulus *G*′ and loss modulus *G*″) and the associated microstructures of the nanoemulsions at elevated temperatures are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. At room temperature (*T* = 20.0 °C), the nanoemulsion shows a liquid-like behavior in which *G*′ ≈ ω^2^ and *G*″ ≈ ω^1^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A),^[@ref39]^ and no assembled structure is observed by confocal microscopy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Upon increasing the temperature, *G*′ and *G*″ increase, and the system undergoes a sol--gel transition between *T* = 30.0 °C and 32.5 °C, upon which *G*′ is greater than *G*″ and the system behaves as a viscoelastic solid (see more discussion on the critical gelation point in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00199/suppl_file/la0c00199_si_001.pdf)). The increase in the mechanical strength results from the assembled gel network. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, at elevated temperatures, the nanoemulsion droplets first assemble into cluster aggregates (*T* = 30.0 °C) and then a sparse gel network is formed (*T* = 32.5 °C).^[@ref31],[@ref40]^ When the temperature is further increased, a more well-connected and space-filling network is formed. The gelling nanoemulsion shows a classic arrested phase separation behavior in which the microstructure shows the bicontinuous phases composed of droplet-rich domains (fluorescence region) and droplet-lean domains (dark regime), and the network is denser when the attraction is stronger (i.e., the temperature is higher in our system).^[@ref41]−[@ref43]^

![Rheological response and the associated microstructures of the nanoemulsion at elevated temperatures. \[NaCl\] = 0 M. (A) Linear viscoelastic moduli (closed symbols are storage moduli *G*′, open symbols are loss moduli *G*″) as a function of angular frequency ω. (B) Microstructure of the assembled nanoemulsions at elevated temperatures. The droplets are fluorescently labeled using a lipophilic dye and imaged using confocal microscopy. Scale bars = 10 μm.](la0c00199_0002){#fig2}

3.2. Screening of Electrostatic Repulsion via NaCl {#sec3.2}
--------------------------------------------------

For charge-stabilized colloidal suspensions, it is widely known that one can induce colloidal assembly and gelation by addition of an electrolyte to screen the interparticle electrostatic repulsion.^[@ref26],[@ref27]^ As our nanoemulsion is stabilized by ionic surfactants (SDS), we expect that the same screening effect can take place in our system. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the rheological response and the associated microstructure of the nanoemulsion at different concentrations of added NaCl, \[NaCl\], at *T* = 20.0 °C. As anticipated, the gelation of nanoemulsions can be successfully induced by increasing \[NaCl\] in the suspension. When \[NaCl\] ≤ 0.01 M, the nanoemulsion shows a liquid-like behavior where *G*′ ≈ ω^2^ and *G*″ ≈ ω^1^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), although a few aggregates composed of nanoemulsion droplets are induced at \[NaCl\] = 0.01 M. When \[NaCl\] is further increased, the viscoelastic moduli significantly increase and more aggregates are induced, which eventually span the space and give rise to a solid-like behavior of the material (see more discussion on the critical gelation point in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00199/suppl_file/la0c00199_si_001.pdf)). Compared to the gelation induced by PEGDA bridging, the salt-induced gelation results in a weaker gel ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A vs [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A) and a more open gel network ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B vs [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B).

![Rheological response and the associated microstructures of the nanoemulsion at various values of added salt \[NaCl\], at *T* = 20.0 °C. (A) Linear viscoelastic moduli (closed symbols are storage moduli *G*′, open symbols are loss moduli *G*″) as a function of angular frequency ω. (B) Microstructure of the assembled nanoemulsions at various values of added salt \[NaCl\]. Scale bars = 10 μm.](la0c00199_0003){#fig3}

Interestingly, we note that the salt concentration needed to induce gelation is quite low in our system (\[NaCl\] ≈ 0.01--0.1 M), as compared to other investigations where SDS-stabilized PDMS nanoemulsions were also studied (\[NaCl\] ≈ 0.1--1 M).^[@ref14],[@ref25]^ Moreover, even a slight variation in \[NaCl\] can give rise to a significant change in the suspension rheology and associated microstructures. We proposed two effects that are responsible for such sensitivity to added salts. First, at room temperature where PEGDA droplet bridging is not induced, the nonassociating PEGDA acts as a depletant in the system that gives to an attractive interaction with a strength = 15.5 kT, where *k* is Boltzmann constant and *T* is the absolute temperature (the calculation will be discussed in detail in the next section). The addition of salt screens the electrostatic repulsion and then makes the strong depletion attraction easily dominate. Second, the length scales associated with the range of these interactions also play an important role. For electrostatic repulsion, the effective length scale is characterized by the Debye length,^[@ref26],[@ref27]^ κ^--1^, and the results are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Details of the calculation will be discussed in the next section. Because an excess of SDS is added to facilitate the nanoemulsion synthesis, there is already a large concentration of charged species in the continuous phase even without added NaCl. Therefore, κ^--1^ is 0.71 nm for \[NaCl\] = 0 M. On the other hand, for depletion interaction the range of the interaction is determined by the size of the depletant^[@ref19]^---here the radius gyration (*R*~g~) of PEGDA is approximately 0.7 nm.^[@ref44]^ As can be seen, the range of the attractive and repulsive interactions are comparable, and a slight decrease in κ^--1^ can easily make the depletion attraction dominant in the system.

###### Dielectric Constant, κ^--1^, at Various Concentration of NaCl, \[NaCl\]

  \[NaCl\] (M)   κ^--1^ (nm)
  -------------- -------------
  0              0.71
  0.01           0.68
  0.02           0.66
  0.03           0.64
  0.05           0.60
  0.07           0.57

3.3. Estimation of Interactive Potentials {#sec3.3}
-----------------------------------------

To support the discussion in the last section, we present here a quantitative description of the interactions involved in the nanoemulsion system. We consider the scenario shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A where the system is composed of charged-stabilized nanoemulsion droplets, nonadsorbing PEGDA, SDS micelles, sodium ions, and chloride ions. The schematic diagram in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A then describes the scenario of the salt-added nanoemulsion at room temperature and with no PEGDA droplet bridging. Estimation of the pairwise interactive potentials follows the methodology developed in our prior work^[@ref15]^ which has been shown to successfully describe the interactive potentials of a similar gelling nanoemulsion system. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, the overall pairwise interaction between droplets has contributions from screened electrostatic repulsion, depletion attraction arising from both PEGDA molecules and SDS micelles in the continuous phase, and van der Waals (VDW) interaction. Next, we briefly summarize how to estimate each interaction.

![Estimates of interaction potentials at various \[NaCl\]of the nanoemulsion at *T* = 20 °C. (A) Schematic of the system used for estimating the interaction potentials. A total of four interactions were considered: screened electrostatic repulsions, depletion by PEGDA, depletion by SDS micelles, and VDW interaction. (B) Contributions to the potential at \[NaCl\] = 0 M and *T* = 20 °C from depletion by PEGDA, depletion by SDS micelles, electrostatic repulsion, and VDW interaction. (C) Overall interaction potential at various values of added \[NaCl\] at *T* = 20 °C.](la0c00199_0004){#fig4}

3.4. Electrostatic Repulsion {#sec3.4}
----------------------------

The electrostatic repulsion, *U*~elec~, is estimated using the Yukawa potential^[@ref26],[@ref27]^where *a* and *r* are the radius and the center-to-center distance of nanoemulsion droplets, respectively. κ^--1^ is the Debye length and is calculated as followswhere ε~o~ is the electric permeability of free space, *k* is Boltzmann constant, *T* is the absolute temperature, *e* is the elementary charge, *N*~A~ is Avogadro's number, *z*~*i*~ is the charge number (=1 because both NaCl and SDS are monovalent), and *M*~*i*~ is the molar concentration. *M*~*i*~ is determined by the molar concentration of the added NaCl and the remaining free \[SDS\] in the continuous phase that is estimated by considering the area of SDS occupied on the oil droplet (=0.617 nm^2^/molecule).^[@ref45]^ ε~r~ is the dielectric constant of the continuous phase, which is calculated by considering the dielectric constants of water^[@ref46]^ and PEGDA. The dielectric constant of PEGDA is estimated from the dielectric constant of the PEG backbone (ε~r,PEG~ = 14.5).^[@ref47]^ ε~r~ is then calculated using the mixing rule, for which the deviation from the measured value has been shown to be negligible at the high PEG concentration regime such as the case in our system.^[@ref48]^

The strength of the electrostatic repulsion, ε~elec~, is calculated using the following equation^[@ref26],[@ref27]^which is obtained from Gouy--Chapman solution to Poisson--Boltzmann equation with the superposition assumption and Derjaguin approximation. The zeta potential, ξ, of the nanoemulsion droplets is −44.3 mV and is measured using a Zetasizer (Brookhaven Instruments 90Plus PALS).

3.5. PEGDA Depletion {#sec3.5}
--------------------

The PEGDA depletion is estimated from the Asakura-Oosawa potential^[@ref19],[@ref20]^when 2*a* ≤ *r* ≤ 2(*a* + δ~p~). To consider the polymeric nature of PEGDA (instead of simple hard-spheres), we use the ideal polymer assumption. Therefore, an additional configurational entropy from the polymeric depletants contributes to the depletion strength, ε~dep~, and the interaction range, δ~P~.^[@ref19]^ ε~dep~ and δ~P~ are then estimated aswhere ϕ~p~ is the PEGDA volume fraction and *R*~g~ is the radius of gyration of PEGDA (≈0.7 nm).^[@ref44]^ For the estimation of the potential, we assumed that the morphology of PEGDA is independent of the \[NaCl\]. If no salt is added, considering the length of PEGDA (*M*~n~ ≈ 700 g mol^--1^) and the experimental temperature window, water is a good solvent.^[@ref49]−[@ref52]^ On the other hand, the change in the ionic strength does affect the affinity between PEGs and water. It has been shown that an increase in salt concentration makes water a poorer solvent to PEGs.^[@ref52]−[@ref54]^ However, to induce such change in affinity between PEG and water, the concentration of salt should be at least on the order of 0.1 M. However, for our study the concentration of salt that we add into the nanoemulsion system is ∼0.01 M. Therefore, we believe that the amount of salt we add into the nanoemulsions system has a negligible effect on *R*~g~ and water is still a good solvent across the experimental \[NaCl\] window. Therefore, in our calculations, we assume that PEGDA depletion remains constant for all values of \[NaCl\].

3.6. SDS Micelle Depletion {#sec3.6}
--------------------------

Depletion by SDS micelles is also estimated by the Asakura-Oosawa potential. Assuming micelles behave like hard-spheres, the micelle depletion is calculated as follows^[@ref19],[@ref22],[@ref55]^

when 2*a* ≤ *r* ≤ 2*a* + *d*~m,eff~, andwhere ϕ~m,eff~ is the effective volume fraction of micelles by considering the Debye layer^[@ref36]^ and is calculated as*C*~m~ is the concentration of micelles and is calculated aswhere *C*~o~ is the total concentration of SDS, *C*~ads~ is the concentration of SDS adsorbed on the droplets for stabilization by considering the area of SDS occupied on the oil droplet (0.617 nm^2^/molecule),^[@ref45]^*C*~CMC~ is the critical micelle concentration (≈8 mM),^[@ref56]−[@ref58]^ and *N*~agg~ is the micelle aggregation number (≈60).^[@ref56]−[@ref58]^ For the estimation, we assume that the morphology of the micelles is independent of \[NaCl\].

3.7. VDW Interaction {#sec3.7}
--------------------

VDW interaction is estimated as follows^[@ref27]^by assuming a uniform droplet size and the Derjaguin approximation is used. Here, *A* = 3.3 × 10^--22^ J is the Hamaker constant of PDMS--water--PDMS.^[@ref59],[@ref60]^

3.8. Overall Pairwise Interaction Potentials {#sec3.8}
--------------------------------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B shows the resulting contribution from each interaction to the overall interaction at *T* = 20.0 °C and \[NaCl\] = 0 M. In this system, the repulsion comes from the electrostatic repulsion provided by the charged SDS on the nanoemulsion droplets, and the major attraction comes from the PEGDA depletion via the free PEGDA in the continuous phase. Although PEGDA provides a significant depletion attraction with a strength = 15.5 kT, the even stronger electrostatic repulsion dominates the interaction. Therefore, no minimum in the overall pairwise interaction is observed and no self-assembly is induced. Although the electrostatic repulsion prevails in the system at *T* = 20.0 °C and \[NaCl\] = 0 M, the addition of electrolytes can effectively screen the electrostatic repulsion by decreasing its characteristic length scale (i.e., Debye length, κ^--1^), leading to a local minimum in the interactive potential. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C shows the result of the interactive potential at increasing \[NaCl\] at *T* = 20.0 °C. As can be observed, a local minimum is induced when NaCl is added, and the depth of the minimum is greater when more NaCl is added. Moreover, the overall pairwise interaction captures the material property trends of the nanoemulsions seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. When the ionic strength increases for \[NaCl\] ≤ 0.02 M, a shallow minimum emerges, and few small aggregates are observed in the system. As the ionic strength is further increased for \[NaCl\] ≥ 0.03 M, larger aggregates are formed and eventually a spanning network is established, and the nanoemulsion turns into a viscoelastic solid ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A).

3.9. Sequentially Triggering Electrostatic Screening and Then PEGDA Bridging {#sec3.9}
----------------------------------------------------------------------------

Having established a quantitative understanding of nanoemulsion behavior under the effect of electrolyte screening, we now sequentially trigger the PEGDA droplet bridging by increasing the temperature of the system, as depicted by the bottom route in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the microstructures resulting from this sequential assembly process. Again, in this work, we first increase the ionic strength of the system at *T* = 20.0 °C (as shown in the bottom row of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and then increase the temperature to induce the PEGDA droplet bridging (moving vertically upward from the bottom of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). We chose the temperatures for these studies to be 32.5 and 45.0 °C to represent the point near (right above) the gelation point of the pure system (\[NaCl = 0 M) and the point where the gel network is well-established due to the thermal PEGDA droplet bridging, respectively. Generally, as more NaCl is added, at elevated temperatures there are more remnants from the salt-induced structure at *T* = 20.0 °C, even though stronger PEGDA droplet bridging is induced at *T* = 45.0 °C. In other words, when \[NaCl\] is higher at *T* = 20.0 °C, the nanoemulsion has more difficulty rearranging its assembled structures at this low temperature via subsequent thermally induced PEGDA bridging.

![Microstructures of the nanoemulsion observed after sequentially screening the electrostatic repulsion, and then inducing PEGDA thermal bridging of droplets. Scale bars = 10 μm.](la0c00199_0005){#fig5}

For \[NaCl\] ≤ 0.02 M, the microstructures across the experimental \[NaCl\] window are similar at *T* = 45.0 °C regardless of \[NaCl\]. However, the nanoemulsions with added salt display a more established network of thick strands at *T* = 32.5 °C. Trends in the microstructures can be quantitatively analyzed by calculating the characteristic length, *L*~C~, of the structure by applying a fast Fourier transform to the confocal images and then calculating the correlation length from the scattering spectrum (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00199/suppl_file/la0c00199_si_001.pdf), Figure S5 for an example of the calculation).^[@ref30]−[@ref33],[@ref43]^ The results for the calculated *L*~C~ are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. For \[NaCl\] ≤ 0.02 M, *L*~C~ at *T* = 32.5 °C decreases with increasing \[NaCl\], corresponding to the increase in the number of thick strands seen in the confocal images. On the other hand, at *T* = 45.0 °C, *L*~C~ stays nearly constant over this \[NaCl\] window, suggesting that a similar gel network is obtained. However, for \[NaCl\] ≥ 0.03 M, more remnants from the salt-induced structure at *T* = 20.0 °C are observed at elevated temperatures. At *T* = 32.5 and 45.0 °C, it can be easily observed that there are large aggregates incorporated into the gel network, and the number and the size of the aggregates are larger when \[NaCl\] is higher. These trends are also observed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} for \[NaCl\] ≥ 0.03 M, where *L*~C~ increases as \[NaCl\] is increased at *T* = 32.5 and 45.0 °C.

![Correlation length, *L*~C~, calculated from images in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} as a function of \[NaCl\] for three different temperatures. *L*~C~ of images for \[NaCl\] ≤ 0.03 M at *T* = 20 °C cannot be characterized. Error bars are standard errors from 20 images.](la0c00199_0006){#fig6}

The viscoelastic moduli under each condition are also measured, and the results are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. Interestingly, the rheological data shows the trend that a stronger gel is not necessarily obtained with added NaCl even though the gelation is "pre-induced" with the addition of NaCl at room temperature (in this work, we use *G*′ values to describe the relative strength of gels). This nonintuitive trend can be more clearly seen in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} where the *G*′ at an intermediate angular frequency (ω = 10 rad s^--1^) from [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} is plotted as a function of \[NaCl\] for the three temperatures. For *T* = 20.0 °C (no PEGDA droplet bridging is induced), the gel is stronger when more NaCl is added. However, when the temperature is increased to *T* = 45.0 °C, the gel is weaker when more NaCl is added at *T* = 20.0 °C, even though the system starts with a "pre-gel" state with non-negligible mechanical strength. For *T* = 32.5 °C, the gel strength increases first when the nanoemulsion starts with a low concentration of NaCl for \[NaCl\] ≤ 0.03 M, and *G*′ decreases when \[NaCl\] is further increased.

![Linear viscoelastic moduli (closed symbols = *G*′, open symbols = *G*″) as a function of angular frequency, ω, of the nanoemulsion after sequentially screening the electrostatic repulsion via added salt, and then thermally induced bridging of droplet by PEGDA.](la0c00199_0007){#fig7}

![Storage modulus, *G*′ (at ω = 10 rad s^--1^), as a function of \[NaCl\] for three temperatures. Data is from [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}.](la0c00199_0008){#fig8}

We believe two reasons are responsible for this nonintuitive trend in the microstructures and the rheological response. The first reason is related to the depth of the secondary minimum induced by the increased \[NaCl\] at *T* = 20.0 °C ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). When \[NaCl\] is higher, the secondary minimum is deeper. For the structure to be rearranged as the temperature is increased, the system needs to escape from this minimum and undergo the PEGDA droplet bridging. Therefore, it is reasonable that with increasing \[NaCl\], there are more remnants of the salt-induced structures at *T* = 20.0 °C observed at the higher temperatures ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The same mechanism applies to the rheological behavior in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. In the analysis in [Section [3.3](#sec3.3){ref-type="other"}](#sec3.3){ref-type="other"} and [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} where the effect of NaCl screening at *T* = 20.0 °C is discussed, it is shown that the PEGDA depletion plays an important role. At *T* = 20.0 °C, PEGDA droplet bridging is not induced and these nonadsorbing PEGDA polymers behave as depletants in the system. Because the depletion is a result of increased osmotic pressure,^[@ref19]^ the depletants are excluded from inside the aggregated colloids when the clusters and gel network are formed.^[@ref1]^ In our study, the PEGDA plays the role of both depletant and thermally triggered droplet bridging agent (at *T* = 32.5 and 45.0 °C). When the salt-induced structures are more difficult to be reconstructed (at increased \[NaCl\]), PEGDA cannot easily enter between droplets and undergo bridging. Moreover, from the previous discussion in [Sections [3.1](#sec3.1){ref-type="other"}](#sec3.1){ref-type="other"} and [3.2](#sec3.2){ref-type="other"} as well as in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, it can be observed that a weak gel is obtained by pure electrolyte screening (blue data in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} at *T* = 20.0 °C) compared to the pure thermally bridging (red and black data in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} at \[NaCl\] = 0 M). Therefore, when \[NaCl\] is high, the salt-induced aggregation is strong enough to stay intact when the temperature is increased. Under these conditions, the system has difficulty rearranging, the effect of PEGDA bridging is diminished, and hence a weaker gel results (black data in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

The second reason explaining the trends in microstructures and rheology relates to the dynamics of the PEGDA bridging-induced gelation. It can be noticed that the first reason as just discussed (the depth of the minimum in the pairwise interactive potentials and the mechanism of PEGDA depletion and bridging) describes well the material behavior at *T* = 45.0 °C (and at *T* = 32.5 °C for \[NaCl\] \> 0.03 M), where both microstructure and rheology have a monotonic trend---*L*~C~ monotonically increases ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) and *G*′ monotonically decreases ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) when the nanoemulsion is preconditioned with higher \[NaCl\]. However, for *T* = 32.5 °C, a non-monotonic trend is observed; *L*~C~ first decreases, then increases and *G*′ first increases and then decreases when the nanoemulsion is preconditioned with higher \[NaCl\]. We believe this is due to the dynamics of the gelation via PEGDA bridging. In our prior works, we have shown that under the thermally triggered PEGDA bridging, the gelation of nanoemulsions undergoes a spinodal decomposition and then the structure is dynamically arrested.^[@ref30],[@ref32]^ Under this gelation route, a stronger attraction (i.e., PEGDA bridging at higher temperatures) gives rise to an earlier arrest and stops the network coarsening.^[@ref61]−[@ref63]^ This behavior can be characterized by measuring the viscoelastic moduli with time at different temperatures ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00199/suppl_file/la0c00199_si_001.pdf)), where at *T* = 45.0 °C, the moduli reach a plateau after *t* ≈ 400 s, whereas at *T* = 32.5 °C, the moduli still increase with time over the experimental window (*t* = 600 s). In other words, the large-scale structural reconstruction of the salt-induced structure is suppressed at high temperatures, as the strong PEGDA bridging can more effectively dynamically arrest the gel network, whereas at lower temperatures, the system can more effectively take advantage of the "pre-gel" structures induced by the added salt and undergo structural reconstruction. Therefore, compared to the nanoemulsion at *T* = 45.0 °C, the rearrangement is more prominent for *T* = 32.5 °C for \[NaCl\] ≤ 0.03 M as *L*~C~ decreases ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) and *G*′ increases ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) with \[NaCl\]. Such rearrangement can be also visually observed from the microstructures shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. At *T* = 32.5 °C, the gel network coexists with freely-suspending clusters. We have shown in our prior work that such coexistent structures are a characteristic of the thermally gelling nanoemulsion near the critical gelation temperature.^[@ref31],[@ref32]^ This observation serves as a strong evidence that the PEGDA bridging-induced reconstruction takes place, and the formation of clusters can be used as a qualitative scale to evaluate how effectively the thermally triggered PEGDA bridging rearranges the assembled network. As more \[NaCl\] is added at *T* = 20.0 °C, fewer clusters are observed and a more well-connected gel network is formed. When \[NaCl\] is above 0.03 M, the coexisting clusters at *T* = 32.5 °C cannot be observed, and the trend of material properties at *T* = 32.5 °C follows the trend of those at *T* = 45.0 °C, and again we believe that it is because the depth of the minimum is too deep for the system to reconstruct itself, as we described earlier.

4. Conclusions {#sec4}
==============

In this work, we introduce an approach to modulate the microstructures and the rheological properties of a nanoemulsion suspension by sequentially screening the electrostatic repulsion and then thermally triggering the droplet bridging. We revisited the nanoemulsion system previously developed in our group and carefully studied the inter-droplet interaction from each constituent in the system. By calculating the pairwise interactions, we found that the nonassociating PEGDA contributes to a significant depletion interaction, and the nanoemulsion system can undergo a sol--gel transition at room temperature by screening the electrostatic repulsion with the addition of NaCl. By subsequently inducing the PEGDA droplet bridging via an increase in temperature, we show that the system can restructure and reach a different gelled state. We then used the established pairwise interactive potential and the dynamics of the thermal gelation to explain the trend in material behavior under the sequential application of stimuli. Our results suggest that the initial screening of the electrostatic repulsion can be used as an effective strategy to template the structure of the nanoemulsion system and the subsequent thermally bridging can then consolidate the gel network. Moreover, our discussion highlights that a quantitative understanding of the inter-droplet interaction is required to understand the behavior of the system. Future work will focus on establishing the pairwise interaction of the thermally bridging mechanism from first principles and applying simulations to better understand the system on the colloidal scale and the associated dynamics. Overall, this work provides molecular-level guidance to the design of colloid-based materials with complex microstructures by sequentially applying stimuli to the system.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00199](https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00199?goto=supporting-info).Flow curve of the nanoemulsion gel from screening of electrostatic repulsion, shear stress versus shear rate of the nanoemulsion gel, linear viscoelastic moduli as a function of time, discussion of critical gelation point, and *L*~C~ calculation using the image processing software ImageJ ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00199/suppl_file/la0c00199_si_001.pdf))
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